Autophagy is an essential component of host immunity and used by viruses for survival. However, the autophagy signaling pathways involved in virus replication are poorly documented. Here, we observed that rabies virus (RABV) infection triggered intracellular autophagosome accumulation and results in incomplete autophagy by inhibiting autophagy flux. Subsequently, we found that RABV infection induced the reduction of CASP2/caspase 2 and the activation of AMP-activated protein kinase (AMPK)-AKT-MTOR (mechanistic target of rapamycin) and AMPK-MAPK (mitogen-activated protein kinase) pathways. Further investigation revealed that BECN1/Beclin 1 binding to viral phosphoprotein (P) induced an incomplete autophagy via activating the pathways CASP2-AMPK-AKT-MTOR and CASP2-AMPK-MAPK by decreasing CASP2. Taken together, our data first reveals a crosstalk of BECN1 and CASP2-dependent autophagy pathways by RABV infection.
Introduction
Autophagy is a cellular regulatory process that removes unnecessary or dysfunctional cytoplasmic material by delivering it to the lysosome for degradation.
1,2 Autophagy includes microautophagy, macroautophagy, and chaperonemediated autophagy. During macroautophagy, a phagophore forms around a substrate to generate an autophagic vesicle surrounded by 2 membranes. 3 After maturation, such autophagosomes fuse with late endosomes and lysosomes leading to degradation of the sequestered material. 4 Identification of ATG (autophagy related) genes has led to the elucidation of the molecular mechanisms of autophagy. [5] [6] [7] While the complete function of many ATGs and their protein products is still unknown, 2 ubiquitin-like systems, ATG12-ATG5 and MAP1LC3/LC3 (microtubule-associated protein 1 light chain 3)-phosphatidylethanolamine, have been shown to mediate the formation of the autophagosome. 8 These systems are required for the elongation and the closure of the phagophore (the precursor to the autophagosome) membranes. Finally, the fusion of the autophagosome with the lysosome requires LAMP2 (lysosomalassociated membrane protein 2) and the GTPase RAB7. [9] [10] [11] [12] [13] These ubiquitin-like conjugation reactions are initiated by class III phosphatidylinositol 3-kinase (PtdIns3K) complexes, which include the BECN1/Beclin 1 protein. Interestingly, BECN1-positive complexes that contain ATG14 seem to promote autophagosome formation, while others that contain the Uvrag (UV radiation resistance associated) gene 14 may facilitate the fusion between autophagosomes and lysosomes. [14] [15] [16] As a highly conserved process, autophagic regulation is complex. 17 Over the past decade, host proteins that regulate autophagy have been reported to do so by different mechanisms and pathways, such as those involving PtdIns3K, AKT, MTOR, MAPK, AMPK, 7, 18 CASP2/caspase 2 19 and the proteins encoded by the ATG genes. Recently, autophagy has been shown to be modulated by intracellular pathogens. Tobacco mosaic virus induces autophagosome formation by inducing endoplasmic reticulum stress. 20 Herpes simplex virus 1 induces autophagy via the EIF2AK2/PKR (eukaryotic translation initiation factor 2 a kinase 2)-mediated phosphorylation of EIF2S1 (eukaryotic translation initiation factor 2 subunit a), 21 and also inhibits autophagy by BECN1 binding to viral protein ICP34. 5 . 22 The vesicular stomatitis virus envelope glycoprotein mediates virus entry and induces autophagy, likely by inhibiting the AKT. 23 Avibirnavirus capsid protein VP2 binding to host heat shock protein 90 kDa a induces autophagy by inactivating the AKT-MTOR pathway. 24 Hepatitis C virus induces autophagy through the RAB5 and PtdIns3K (whose catalytic subunit is termed PIK3C3) pathway. 25 Human immunodeficiency virus 1 inhibits autophagy through the SRC-AKT and STAT3 (signal transducer and activator of transcription 3) pathway. 26 Human papillomavirus-host cell interaction stimulates the phosphoinositide 3-kinase-AKT-MTOR pathway and inhibits autophagy. 27 Rabies virus (RABV), a fatal neurotropic virus, is a prototypical virus in the genus Lyssavirus genus, family Rhabdoviridae. RABV has a single-stranded negative sense RNA genome encoding the nucleoprotein (N), the RNA-dependent RNA polymerase (L), the nonenzymatic polymerase cofactor phosphoprotein (P), the matrix protein (M), and the glycoprotein (G). During RABV infection, viral transcription and replication are performed in intracellular Negri bodies (NBs). 28 In the present study, we address for the first time that incomplete autophagy can be induced during virulent and attenuated RABV infections in vivo and in vitro. We found that RABV infection activated the CASP2-AMPK-MAPK1/3/11-AKT1-MTOR dependent autophagy pathways by BECN1. Our study highlights the role of viral P protein in modulating the BECN1-linked, CASP2-dependent incomplete autophagy pathways.
Results

RABV infection triggers autophagosome accumulation in vitro and in vivo
To investigate whether cellular macroautophagy is altered in response to RABV infection, N2a cells were transiently transfected with green fluorescent protein (GFP)-LC3B, and mice were infected with attenuated RABV HEP-Flury or virulent RABV CVS-11. The expression of LC3-II, SQSTM1/p62 (sequestosome 1) and RABV viral protein in N2a cells and brains of mice was analyzed at different time points postinfection. In comparison to mock-infected cells, GFP-LC3B has a colocalization with viral protein N (Fig. 1A) in the HEP-Flury virus-infected cells and GFP-LC3B autophagosomes increased visibly at 36 and 48 h postinfection (hpi). The level of endogenous lipidated LC3-II in cells and mice infected with RABV, which correlates with an increased number of autophagosomes, was detected by western blotting using anti-LC3A/B antibody (P < 0.01 or 0.001, Fig. 1B and C) . However, the autophagosome cargo SQSTM1, which is one of the autophagy markers, 29 was not increased (P > 0.05, Fig. 1B and C) . Similar autophagosome accumulation and LC3-II increases were detected in N2a cells and mice infected with virulent RABV, however SQSTM1 were not increased (Fig. S1 ). Collectively, these data demonstrate that both attenuated and virulent RABV induce autophagosome accumulations after in vitro and in vivo infection, and that components of the macroautophagy signaling cascade are upregulated during RABV infection.
RABV infection inhibits autophagy flux
Autophagosomes are transient vesicles that fuse with lysosomal vesicles and deliver their cargo for degradation by lysosomal hydrolysis. Therefore, the accumulation of autophagosomes could result from increased formation or decreased degradation of these vesicles. 29 To investigate autophagosome accumulation during RABV infection, cells were infected with HEP-Flury strain and labeled with LysoTracker Red, which allows for identification of acidic compartments or organelles in live cells. As expected, GFP-LC3B and LysoTracker Red colocalized in N2a cells with and without HEP-Flury infection upon rapamycin (Rapa) treatment. However, in RABV-infected cells without Rapa treatment, essentially no colocalization between autophagosomes and LysoTracker Red was observed, and most of the large autophagosomes were devoid of LysoTracker Red staining ( Fig. 2A and Fig. S2 ). This data suggests that autophagosomes do not fuse with acidic compartments after RABV infection. To rule out the possibility that autophagosomes fuse with lysosomes but were not efficiently acidified in infected cells, we investigated the colocalization of GFP-LC3B with the LAMP1 in RABV-infected cells. Similarly, GFP-LC3B had a colocalization with LAMP1 in Rapa-treated cells with and without RABV infection. In contrast, GFP-LC3B did not colocalize with LAMP1 in RABV-infected cells without Rapa treatment and the large GFP-LC3B vesicles were LAMP1-negative ( Fig. 2B and Fig. S2 ). These data suggest that autophagosomes do not efficiently fuse with lysosomes in RABV-infected cells.
To confirm the blockage of autophagosome fusion with lysosomes in RABV-infected cells, we analyzed the turnover of autophagosomes. The 24 hpi RABV-infected and mock-infected cells were treated with chloroquine (CQ), a lysosomal proteolysis inhibitor, for 6 h, and the levels of LC3-II, SQSTM1 and NBR1 (NBR1, autophagy cargo receptor), a member of sequestosome-like receptors 30, 31 were analyzed by western blotting. In mock-infected cells, lipidated LC3-II accumulated upon CQ treatment, indicating that turnover of autophagosomes efficiently occurred by lysosomal proteolysis (P < 0.001, Fig. 2C ). In contrast, in RABV-infected cells, no further accumulation of LC3-II could be observed in response to CQ treatment, demonstrating that turnover of autophagosomes did not occur at a significant rate by lysosomal proteolysis in RABV-infected cells. In addition, SQSTM1, a common constituent of protein aggregates widely used to monitor autophagy flux, and NBR1 were then determined in RABV-infected cells upon CQ treatment. However, there was no significant increase (P < 0.05, Fig. 2C ) in SQSTM1 and NBR1, revealing that degradation of macroautophagy substrates did not occur during RABV infection. Taken together, these data suggest that RABV infection inhibits the fusion of autophagosomes with lysosomes and that autophagy flux is inhibited.
Autophagic induction enhances RABV replication
To further determine the effect of autophagy activity on RABV replication, we investigated the autophagosome induction. N2a cells were treated with different concentration of Rapa or with Earle's balanced salt solution (EBSS) or with 3-methyladenine (3-MA) or with wortmannin. Following Rapa or EBSS starvation-induced autophagy, conversion of LC3-I to LC3-II increased significantly in RABV HEP-Flury strain-infected cells (P < 0.001, Fig. 3A and B) and the RABV titer increased significantly (P < 0.01, Fig. 3F ), indicating that autophagic induction enhanced RABV replication. Next, 3-MA, an inhibitor with activity against class III PtdIns3K that is widely used for suppression of autophagy by blocking the formation of autophagosomes, and wortmannin, an inhibitor of autophagosome initiation, were used to inhibit autophagy. Figure 3C and G showed that the inhibition of autophagy induced by 3-MA or wortmannin reduced the level of viral N protein (P < 0.001) and RABV progeny (P < 0.01 or 0.05). Similarly Atg5 knockdown, which is an essential factor for activation of autophagosome formation and maturation, 32 exhibited a significant decrease of viral N protein expression and lower yield of RABV progeny, compared with the cells transfected with nontargeting short hairpin RNA (shRNA) (P < 0.001, Fig. 3D and H) . In addition, to exclude the possibility that Atg5 knockdown caused innate antiviral immune responses, 33 we further knocked down Lc3b RNA message with shRNA. Similar results were observed (P < 0.001, Fig. 3E and H) compared with Atg5-knockdown cells. Taken together, these findings suggest that cellular autophagy benefits RABV replication.
The AKT-MTOR signaling pathway is activated in RABVinduced incomplete autophagy
To investigate the incomplete autophagy pathway regulating RABV infection, we next determined the MTOR-dependent signaling pathway. Compared to mock-infected cells, the levels of phosphorylated AKT (P < 0.001) and MTOR (P < 0.01) in RABV-infected cells was significantly increased (P < 0.001, Fig. 4A and C), suggesting that AKT and MTOR was relevant to RABVmediated incomplete autophagy. Subsequently, to analyze whether the AKT-MTOR pathway was an essential step in RABV-induced incomplete autophagy, the AKT-MTOR pathway was knocked down by shRNA targeting Akt1 or Mtor before RABV infection. The results showed that the MTOR phosphorylation decreased remarkably in cells treated with shAkt1 interference compared with the RABV-infected cells without shRNA interference (P < 0.001, Fig. 4A and C). In contrast, the AKT phosphorylation was not interfered with significantly in shMtor-treated cells in comparison with RABV-infected cells without shRNA (P > 0.05, Fig. 4B and C). However, the level of LC3-II significantly diminished in RABV-infected cells treated with shAkt1 or shMtor (P < 0.001), indicating that the autophagic induction was inhibited by shAkt1 and shMtor during RABV infection. Correspondingly, titer of RABV showed a slight decrease in shAkt1-and shMtor-treated cells (Fig. 4D) . Moreover, RABV infection did not alter significantly the phosphorylation and expression of AKT and MTOR in cells treated with shAkt1 or shMtor (Fig. 4C) . Collectively, these observations indicate that RABV infection stimulates incomplete autophagy by activating the AKT-MTOR pathway, but does not directly affect the phosphorylation of AKT and MTOR.
The AMPK-MAPK pathway is involved in incomplete autophagy induction during RABV infection
The AMPK and MAPK proteins are reported to play a key role in regulating autophagy. Also, AMPK positively regulates MAPK activity.
34-37 Thus, we examined whether PRKAA/AMPKa and MAPK (MAPK1/ERK2, MAPK3/ERK1, MAPK11/p38b) were involved in inducing incomplete autophagy in RABV-infected N2a cells. Figure 5 showed that the phosphorylation level of PRKAA, MAPK1/3, and MAPK11 were significantly upregulated in RABVinfected cells compared with mock-infected cells (P < 0.001). To further investigate their role in incomplete autophagy, we inactivated PRKAA by small interfering RNA (siRNA) targeting Prkaa1 before RABV infection. The results showed that the AKT, MTOR, MAPK1/3, and MAPK11 phosphorylation levels were significantly decreased in RABV-infected cells treated with siRNA against Prkaa1 (P < 0.001, Fig. 5A and C) compared with the RABVinfected cells without siRNA treatment, suggesting that the Prkaa1 silencing suppresses the phosphorylation of AKT, MTOR, MAPK1/3, and MAPK11. To further explore the relationship between MAPK and AKT-MTOR, the Mapk1 gene was knocked N2a cells transfected with a plasmid encoding GFP-LC3B for 12 h, and then infected with RABV HEP-Flury strain at MOI D 2 for 24 h. (A) Cells were incubated with LysoTracker Red (50 nM) for 15 min; GFP-LC3B-labeled autophagosome (green) colocalization with LysoTracker Red-stained acidified vesicles (red) were observed by confocal microscopy (white arrows). (B) Cells were fixed, and immunostained with the lysosome marker rabbit anti-LAMP1 (red) and mouse anti-N mAb (blue), and observed by confocal microscopy to analyze fusion of autophagosomes with lysosomes (white arrows). Scale bars: 10 mm. (C) RABV-infected N2a cells with 5.6 mM chloroquine treatment of 24 h, and tested by western blotting using mouse anti-N mAb, and rabbit anti-LC3A/B, anti-SQSTM1 anti-NBR1 and anti-GAPDH antibodies. The ratio of SQSTM1, NBR1 and LC3-II to GAPDH was normalized to control conditions. Error bars: Mean § SD of 3 independent tests. Two-way ANOVA; down by the siRNA specific for Mapk1; we found no significant alteration in the AKT, MTOR and PRKAA phosphorylation levels in RABV-infected cells with siMapk1 treatment in comparison with RABV-infected cells without siMapk1 treatment (Fig. 5) , showing that the MAPK inhibition did not disturb the phosphorylation of AKT, MTOR and PRKAA. Similarly, the conversion of LC3-I to LC3-II in cells treated with siRNA targeting Prkaa1 or Mapk1 was significantly downregulated compared with that in RABV-infected cells without siRNA treatment (P < 0.001, Fig. 5 ), demonstrating that the knockdown of the genes Prkaa1and Mapk1 downregulates incomplete autophagic induction. Moreover, RABV infection did not significantly alter the phosphorylation and expression of AKT, MTOR, PRKAA, MAPK1/3 and MAPK11 in cells treated with siPrkaa1 or siMapk1 (Fig. 5C ). These results suggest AMPK is the upstream regulator of MAPK, AKT and MTOR in RABV-mediated incomplete autophagy and RABV infection not directly affects the activation of AMPK and MAPK.
CASP2 is inhibited in RABV-mediated incomplete autophagy
During the experiment we also observed that RABV infection significantly downregulated CASP2 expression and increased markedly the LC3-II level (P < 0.001, Fig. 6B ). CASP2 has previously been reported as a negative autophagy regulator of AMPK upstream. 19 To do this, the Prkaa1 were knocked down by siRNA, respectively. The data showed that the expression profile of CASP2 had no significant alteration in siPrkaa1 treated cells infected with RABV compared with RABV-infected cells without siPrkaa1 treatment (Fig. 6A) , manifesting that RABV suppressed CASP2 expression was not activated obviously by knocking down Prkaa1. To further detect the role of CASP2 in PRKAA activity, cells were treated with shCasp2. As shown in Figure 6B and C, in comparison with RABV-infected cells, Casp2 knockdown significantly downregulated the phosphorylation of MTOR, AKT, and PRKAA and the LC3-II level (P < 0.001) but not total amount of these proteins, validating that CASP2 located at the upstream regulator of AMPK, and Casp2 knockdown inhibited autophagic induction and did not perceptibly affect CASP3, 8 or 9 expression. However, the PRKAA phosphorylation and LC3-II level had no significant difference in Casp2 knockdown cells with or without RABV infection, indicating that RABV infection did not play the role in stimulating autophagy under the condition of Casp2 knockdown. These observations suggest that RABV infection stimulates incomplete autophagy by decreasing CASP2.
RABV N/P protein promotes incomplete autophagic responses by inhibiting CASP2 expression
As the main structural protein of RABV, viral proteins N and P are important components of NBs and are involved in viral transcription and replication. 28 The RABV genomic RNA is encapsidated by the viral protein N, forming the N-RNA template for transcription and replication by the viral RNA-dependent RNA polymerase whose major components are L and P protein. To identify viral proteins that are responsible for autophagic activity in RABV-infected cells, N2a cells were cotransfected with GFP-LC3B and with Flag-tagged plasmids pCMV-N-Flag (Flag) encoding viral
The results revealed that the N or P-transfected cells but not L, G, M-transfected cells had a strong accumulation of GFP-LC3B by confocal microscopy analysis (Fig. 7A and Fig. S3 ). Consistent with this, the levels of LC3-II were dramatically increased in N or P transfected cells compared with the empty vector transfected cells by western blotting, and only viral protein P revealed a dosedependency for increasing LC3-II level (P < 0.001, Fig. 7B ). However, all viral proteins of RABV did not caused significant increases in SQSTM1 levels (P > 0.05, Fig. 7B and Fig. S3 ). In addition, further investigation showed that both viral proteins N and P dramatically upregulated the phosphorylation level of AKT, MTOR, PRKAA, MAPK1/3 and MAPK11 (P < 0.001, Fig. 7C) , and reduced CASP2 level (P < 0.001, Fig. 7C ), These data indicate that the RABV N and/or P proteins are sufficient for activating incomplete autophagy by decreasing CASP2. 
BECN1 binding to viral protein P is crucial for incomplete autophagy induction by the CASP2-mediated signaling pathway
To further investigate the role that viral N and P proteins in inducing incomplete autophagy, we examined whether BECN1, PRKAA, CASP2 and MAPK11 had an interaction with viral proteins N and P in CASP2-mediated autophagic induction, respectively. Confocal analysis showed that BECN1 strongly colocalized with viral proteins N and P in cells cotransfected with the genes N, P and Becn1 (Fig. 8A) . Meanwhile, by coimmunoprecipitation (CoIP) analysis, only viral protein P had a strong interaction with host BECN1 (Fig. 8B ) in cells cotransfected with genes Becn1 and P but not N. Regrettably, the interaction of PRKAA, CASP2 and MAPK11 with viral proteins N and P was not detected in confocal and CoIP analyses (Fig. 8B) . Moreover, we knocked down cellular Becn1 by siBecn1 to further show whether the viral protein P or BECN1 affected the expression of CASP2, CASP3, CASP8 and CASP9 (Fig. S4) . The results showed that there was a detectable downregulation of CASP2 and phosphorylated PRKAA (P < 0.01, Fig. 8C) , and an insignificant alteration of CASP3, CASP8 and CASP9 (Fig. S4) in Becn1-knockdown cells with viral gene P transfection or infected with RABV (data not shown). To verify an upstream activity of BECN1, we further detected the dynamics of PIK3C3 (phosphatidylinositol 3-kinase catalytic subunit type 3) and ULK1 (unc-51 like autophagy activating kinase 1) as the components of the BECN1 complex. The results showed that the expression of PIK3C3 and the phosphorylation of ULK1 protein were upregulated in cells infected with RABV and transfected with gene P (Fig. 8D) , indicating that viral protein P stimulates ULK1 phosphorylation and PIK3C3 expression.
Collectively, these data demonstrate that viral protein P binding to BECN1 induces incomplete autophagy by reducing CASP2.
Discussion
Autophagy is known to be an important pathway involved in the removal of intracellular pathogens, including bacteria and viruses. In addition to its role in innate immunity, autophagy also contributes to the adaptive immune response, participating in the presentation of pathogen antigens on major histocompatibility complex molecules. 38 Many viruses have been shown to subvert the autophagic machinery to enhance viral replication. 24, 39 In this study, we demonstrate accumulation of autophagosomes and no change in SQSTM1 levels in RABVinfected cells (Fig. 1) . Also, GFP-LC3B colocalization with LAMP1 (a lysosome marker) cannot be detectable in RABVinfected cells (Fig. 2) . These results suggest that in vitro and in vivo RABV infection induces an incomplete autophagy in which autophagosomes do not efficiently fuse with lysosomes.
In all eukaryotes, MTOR leads to a swift response to various environmental cues, regulating cell metabolism and immune responses by regulating the kinase AKT. 40, 41 Recent data also demonstrate that the AKT-TSC-MTOR pathway was inactivated by hepatitis C virus for inducing autophagy, 42 avian influenza viruses result in autophagic cell death by inhibiting MTOR, 43 and vesicular stomatitis virus induces autophagy by regulating the phosphoinositide 3-kinase-AKT signaling pathway. 23 However, the relationship between pathogen and the autophagy signaling pathway was poorly understood.
CASP2, a well-known regulator of apoptosis, has been shown to be an endogenous negative regulator of autophagy upstream of the AMPK-MTOR and AMPK-MAPK pathways during oxidative stress, and loss of CASP2 upregulates endogenous autophagy under normal conditions. 19 In this report, we demonstrate that RABV infection induces autophagy by increasing the phosphorylation of AMPK, MAPK, AKT and MTOR, and decreasing CASP2 (Figs. 4 and 7) . Moreover, either P-transfected cells or Becn1 knockdown cells showed the reduction of CASP2 (Figs. 7 and 8) . Interestingly, BECN1 was confirmed to have an interaction with the RABV P protein. Therefore our data demonstrates for the first time a connection between BECN1 and the CASP2-mediated autophagy pathway and that RABV induces incomplete autophagy by activating the pathways BECN1-CASP2-AMPK-AKT-MTOR and BECN1-CASP2-AMPK-MAPK by BECN1 binding to viral protein P. Moreover, recent data also show an incomplete autophagic response stimulated by the viral protein M of the wild-type Figure 7 . RABV N/P inhibited CASP2 expression and were sufficient for inducing autophagy by the phosphorylation of AKT, MTOR, AMPK and MAPK. (A) N2a cells cotransfected with Flag-N or P and GFP-LC3B (green) for 24 h, fixed, and immunostained with mouse anti-Flag antibody (red), and observed under confocal microscopy. DAPI (blue) was used to stain nuclear DNA. Scale bar: 10 mm. (B) Cells were transfected with the vector Flag-N or P at a dose of 1 or 2 mg for 48 h, harvested and analyzed by western blotting using mouse anti-Flag mAb, rabbit anti-LC3A/B, anti-SQSTM1, and anti-GAPDH antibodies. The ratio of SQSTM1 and LC3-II to GAPDH was normalized to control conditions. (C) Cells were transfected with the vector Flag-N/P for 48 h, harvested and analyzed by western blotting using mouse anti-Flag mAb, and rabbit antip-MTOR, anti-MTOR, anti-p-AKT, anti-AKT, anti-CASP2, anti-p-PRKAA, anti-PRKAA, anti-p-MAPK1/3, anti-MAPK1/3, anti-p-MAPK11, anti-MAPK11 and anti-GAPDH antibodies. The ratio of p-MTOR:MTOR, p-AKT:AKT, p-PRKAA:PRKAA, p-MAPK1/3:MAPK1/3, p-MAPK11:MAPK11 and CASP2:GAPDH was normalized to control conditions. Error bars: Mean § SD of 3 independent tests. Two-way ANOVA in (B) and one-way ANOVA in (C); Ã P < 0.05; virulent RABV strain GD-SH-01in NA cells, 44 implying that the different components of RABV participate probably in the induction of incomplete autophagy during infection.
BECN1, as an interacting partner for the mammalian class III PtdIns3K PIK3C3, is required for macroautophagy in nutrient-starved cells, [45] [46] [47] for normal lysosomal enzyme sorting and for cell cycling. 48, 49 In contrast with its documented role in macroautophagy, the possible role of BECN1 as an essential chaperone or adaptor for PIK3C3 in normal trafficking pathways has received little attention. 47 Some reports show that the interaction between BECN1 and the antiapoptotic protein BCL2 is the regulating switch between the autophagic and apoptotic machinery. 50, 51 Binding of BECN1 to BCL2 inhibits BECN1-mediated autophagy via sequestration of BECN1 away from class III PtdIns3K. [51] [52] [53] Autophagy initiation signaling requires both the ULK1 kinase and the BECN1-PIK3C3 core complex to generate autophagosomes, 54 and the recruitment of PIK3C3 to the phagophore requires the activity of ULK kinase. 55, 56 In our experiment, we observed the upregulation of PIK3C3 and phosphorylated ULK1, and the interaction between BECN1 and viral protein P. These results imply that RABV protein P binding to BECN1 may form a P-BECN1-ULK1-PIK3C3 complex to regulate the autophagy pathway and that BECN1 may serve as an interaction platform for a bridge for the RABV protein P and PIK3C3.
In conclusion, RABV P binding to BECN1 can induce incomplete autophagy through the pathways BECN1-CASP2-AMPK-MAPK and BECN1-CASP2-AMPK-AKT-MTOR and RABV-induced incomplete autophagy provides the scaffolds for the replication of RABV genome (Fig. 9) . Our study provides evidence that incomplete autophagy is induced in response to RABV infection through CASP2-mediated AMPK-MAPK1/3/11-AKT1-MTOR pathways activation triggered by the BECN1-P complex. Our study provides the possibility that controlling the CASP2-mediated AMPK-MAPK-AKT-MTOR pathways might serve as a strategy for antiviral autophagy.
Materials and methods
Antibodies and reagents
Rabbit anti-LC3A/B (4108), anti-p-AKT (Ser473) (4060), anti-AKT (4691), and anti-p-MTOR (Ser2448; 5536), anti-MTOR (2983), anti-p-PRKAA (4185), anti-PRKAA (2532), anti-p-MAPK1/3 (4370), anti-MAPK1/3 (4695), anti-p-MAPK11 (4511), and anti-MAPK11 (9212), NBR1 (9891) antibodies were purchased from Cell Signaling Technology. Rabbit anti-CASP2 (ab179520), anti-PIK3C3 (ab124095), anti-p-ULK1 (ab133747), anti-ULK1 (ab128859), anti-CASP3 (ab179517), anti-CASP8 (ab25901), anti-CASP9 (ab2014) and anti-ATG5 (ab108327) antibodies were purchased from Abcam. Anti-BECN1 (sc-48341) antibody was purchased from Santa Cruz Biotechnology. Rabbit anti-SQSTM1 (3340-1), anti-MYC (R1208-1) and anti-GAPDH/glyceraldehyde-3-phosphate dehydrogenase (2251-1) antibodies were purchased from Epitomics. Mouse monoclonal antibodies (mAbs) to N and P proteins of RABV were produced in our laboratory. 02) was purchased from Vazyme Biotech and LysoTracker Red DND-99 (L-7528) was purchased from Invitrogen.
Cells culture and viruses
Mouse neuroblastoma N2a cells (CCL ¡ 131) and human 293T cells (CRL-3216) from ATCC were maintained in DMEM supplemented with 10% fetal bovine serum, 100 U of penicillin mg/ml, and 100 mg of streptomycin/ml.
RABV strains HEP-Flury and CVS-11 were propagated in N2a cells. Briefly, cells were infected with RABV at a multiplicity of infection (MOI) of 2. After 1 h absorption, the supernatant was removed, and the cells were washed 3 times with sterile phosphate-buffered saline (PBS: 8.4 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 136.9 mM NaCl, 2.7 mM KCl, pH 7.2) to remove unbound viruses. The infected cells were grown in fresh medium at 37 C and 5% CO 2 for the indicated times. For autophagy alteration, cells were pretreated with Rapa, EBSS, wortmannin, or 3-MA for 2 h before virus infection.
Construction of expression plasmids and transfection
The GFP-P, Flag-N and Flag-P plasmids were constructed and stored in our laboratory. 58 The mouse Lc3b gene (GenBank accession number: NM026160. 
GGGGTACCCCTTAAAT-GACCTTCTCGCTAGG 3
0 for the L (1524bp). Transfection of these plasmids DNA was performed with ExFectTM Transfection Reagent.
The following shRNAs targeting mouse (Mus musculus, abbreviated as Mm) MmAtg5, MmLc3b, MmAkt1, MmMtor and MmCasp2-shRNA in a pGPU6/GFP/Neo vector, were purchased from Genepharma. siRNA targeting MmBecn1 
Western blotting
Cells were harvested and lysed immediately in RIPA buffer (Beyotime, P0013B). Lysate protein quantification was performed by bicinchoninic acid assay kit (Pierce, 23225). An equal volume of each sample was separated by sodium dodecyl sulfate polyacrylamide-gel electrophoresis and the protein bands were transferred onto polyvinylidene fluoride membranes (Millipore, ISEQ00010). After blocking with 5% nonfat dry milk containing 0.1% Tween 20 for 1 h at 37 C, the membranes were incubated with primary antibody for at 4 C overnight, followed by horseradish peroxidase-conjugated antimouse/rabbit IgG (Kirkegaard & Perry Laboratories, 074-1806/ 074-1506) and visualized using a SuperSignal West Femto Substrate Trial Kit (Thermo Scientific, 34096). Three independent biological experiments were performed for western blotting quantification analysis. ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used to quantify the intensity of protein bands.
Coimmunoprecipitation
CoIP was performed as described previously, with some modifications. 59 Briefly, the infected or transfected N2a cells were washed twice with cold PBS, and lysed for 3 h in cell lysis buffer with NP-40 (Beyotime, P0013F) with 1 mM phenylmethylsulfonyl fluoride protease inhibitor (Beyotime, ST505) at 4 C. Cell lysates were centrifuged at 12,000 £ g for 10 min at 4 C to remove insoluble fractions. The soluble fractions were pretreated with protein A/G agarose beads (Santa Cruz Biotechnology, sc-2003) for 1 h at 4 C. Pretreated supernatants were further incubated with IP antibody overnight at 4 C. Fresh protein A/G agarose was then added at 4 C for 8 h before washing with PBS. The bound proteins were eluted by boiling in 4 £ SDS-PAGE loading buffer and subjected to western blotting analysis.
Drug treatment and viral titers detection
N2a cells grown in 6-well culture plates (Corning, 3506) were pretreated with DMSO (control), Rapa, 3-MA, or wortmannin, or EBSS for 2 h, or transfected with control shRNA (shCtrl), MmAtg5 shRNA or Mm Lc3b shRNA for 12 h. The cells were then infected with RABV at a MOI of 2. At various time postinfection, cell culture supernatants were collected, and the cells were subjected to 3 freeze-thaw cycles for detecting 50% tissue culture infectious doses (TCID 50 ). Extracellular viruses were determined by inoculating 10-fold dilutions of the cell culture supernatant onto confluent N2a cells in 96-well culture plates (Corning, 3596). After 48 h of incubation, supernatant was removed, and the cells were fixed with 80% cold acetone and viral antigen was detected using immunofluorescence. Virus titers were calculated using the Reed-Muench method and expressed as TCID 50 /ml.
Animal experiments
Animal experiments were conducted in the animal facility at the Institute of Basic Medical Sciences, Zhejiang University, in accordance with governmental and institutional guidelines. Kunming 3-d-old Institute of Cancer Research (ICR) mice were purchased from the experimental animal center of Zhejiang Province. The mice were housed in a pathogen-free facility in groups of 5 or fewer mice and were fed ad libitum. Threed-old Kunming mice were intracerebrally injected with either vehicle control (DMEM) or RABV strain HEP-Flury or CVS-11 (100 TCID 50 per mouse). The mice that died within 3 d were not used for data analysis. At 24 h and 80 h postinfection, mice were killed and brain tissues were collected from each mouse, homogenated, and subjected to western blotting. All experimental protocols involving animals have been approved by the Scientific Ethical Committee of the Zhejiang University (No. ZJU2013105002), China.
Statistical analysis
Statistically significant differences between groups and treatments were determined by 2-way analysis of variance (ANOVA) and between groups were determined by one-way with the Tukey Multiple Comparison Test and using GraphPad Prism 5 software. A P value of less than 0.05 was considered statistically significant. 
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